Data Manipulation, Transformations, Arithmetic operations and Plotting of Data

Distributions and Proteins
Basic numerical operations, transformations and arithmetic operations are performed inside the main .NET environment using inbuilt algorithms. Possibilities for data manipulation include e.g. sort, move, find and delete in the session table. GProX currently allows Log (2, 10 and natural), square root and inverse transformations of the data, which can be done on all or selected ratio columns. From the arithmetic module, operations such as e.g. multiplication, addition or averaging of ratio columns can be performed. To plot protein regulation and distributions, GProX utilizes the native R functions plot, boxplot and hist. To create heatmaps of the data the heatmap.2 function present in the gplots library is used. If requested by the user, the data rows are subjected to hierarchical clustering prior to producing the heatmap. Hierarchical clustering is done with the function hclust applied to the distance measures produced by the dist function.
Database Information Request
To retrieve information from the Ensembl database the BioMart service as implemented in the biomaRt package (2) for R is used. The output from the biomaRt functions is reformatted such that all annotations of a given type for each protein is concatenated to a semi-colon separated string and appended to the session table. To retrieve information from the IPI or UniProt database, the DBfetch service provided by the European Bioinfomatics Institute (EBI) is used. From the complete database entry for each protein the information requested is extracted by matching appropriate text string tags and upon completion the output is reformatted as described above for the biomaRt output. Some identification and quantitation software packages, e.g. MaxQuant (3) do not report identification of single proteins but instead as a group of proteins. During data import the first accession key listed in the accession key column for each entry is regarded as the primary accession key and any additional keys are treated as secondary. The user can select to retrieve feature annotations for only the primary accession key associated with a protein group or use both primary and secondary. If secondary accession keys are also used for retrieval these can be filtered according to the number of peptide matches relative to peptide matches to the primary accession key.
Update of IPI accession keys
IPI protein accession keys are changing over time and will soon be obsolete (see www.ebi.ac.uk/IPI for a detailed description of reason for IPI identifier changes). Nevertheless, to update IPI keys, the history file for the selected species is downloaded from the IPI server (ftp://ftp.ebi.ac.uk/pub/databases/IP) and all identifiers in the data table are screened against this file. Initially only primary accession keys are screened and in the case a key has been propagated in a new key the identifier is replaced. The user can select to use information from secondary accession keys in the case that the primary key is invalid. In this case the first valid key is promoted and updated if it has been propagated into a new key. If the user selects to use secondary keys, these can be filtered identically as described above for Database Information Request.
Clustering
The basis of the clustering module in GProX (see supplemental Fig. 4 ) is the fuzzy c-means clustering algorithm which resembles the common k-means algorithm. Details on fuzzy c-means clustering are described in (4) . Briefly, the first step in the clustering algorithm is to partition the data into three groups:
The first group contains protein entries with an incomplete series of data points and these need to be treated separately as the algorithm requires that all entries contain an equal number of data points.
Subsequently, protein entries with a complete series of data points are separated into two groups containing proteins with regulation outside user specified limits in at least one data-point and notregulated proteins. After partitioning the data, a reference point might be appended in the first position, if requested by the user. Furthermore, the data can optionally be standardized by subtracting the mean of each profile from each data point in this profile and dividing it with the standard deviation of the profile.
Subsequently, the abundance ratios for regulated proteins are subjected to the fuzzy c-means algorithm as implemented in the mfuzz function in the Mfuzz R library (5) with several parameters specified by the user (e.g. number of clusters, number of iterations and 'fuzzification parameter'). After completion of the clustering algorithm, a column indicating the cluster annotation of the proteins are appended to the session table, in which the cluster number is indicated for the regulated proteins and where not-regulated proteins are arbitrarily assigned to a cluster '0'. Proteins with incomplete data series are indicated by 'n/a'. The result of the clustering analysis is summarized in both a tabular output containing membership values and as customizable graphical display, i.e. a minimum membership value for data points to be included in the plot, the color coding scale as well as axis-and background colors can be specified. To support the multi experiment setup, clustering can be performed for several experiments together. To cluster protein abundance ratios after several experiments together, each profile in each experiment is regarded as an individual protein entry. All entries are then clustered as described above and a column for each experiment is appended to the session table indicating in which cluster the regulation profile for each protein is found.
Enrichment Analysis
To test for over represented annotations, GProX uses information in the session table originating from the input table or the retrieval function (see supplemental Fig. 5 ). Since the module can test all annotations present in the session table, including the information retrieved from the Ensembl, IPI and UniProt, it is essentially generic in terms of explored features. Before performing the enrichment test, the proteins present in the table are partitioned into groups depending on the user´s specification. In the simplest case, the test group must fulfill a regulation threshold in a specified column, resulting in two groups: Regulated (the foreground) and not-regulated (background) proteins. Alternatively, the proteins can be partitioned into multiple groups, based on e.g. cluster annotation, in which case each group is sequentially treated as the foreground and tested against a common background population, usually selected as the group of not regulated proteins.
To perform the test for over-representation all annotations are listed and the number of the occurrences in the background and foreground group is counted, and if a minimum number of occurrences has been specified, annotations not satisfying this is criterion are removed. Next, the selected statistical test function. If the analysis is performed for GO terms, two additional parameters are available to facilitate the extraction of the most informative GO terms. These functions make use of the hierarchical structure of the GO terminology. The first option is to only analyze GO terms lower in the GO hierarchy than a specified threshold. With this option very general terms in the top level of the GO hierarchy can be excluded. The second option is to only retain the most descriptive terms, that is, the terms lowest in the GO hierarchy and discard the ancestor terms also represented by a more descriptive offspring term in the list of significant terms. The information used to filter GO terms is extracted using the CustomEndNodeList function in the goTools library and the annotations collected in the GO.db library.
Pathway Analysis
To allocate proteins to KEGG pathways, the accession keys in the session table are mapped to Entrez Gene IDs in the Ensembl database using the biomaRt service described above and concatenated with an organism abbreviation to obtain KEGG identifiers. The XML files describing the selected pathways are then downloaded from the appropriate location on the KEGG server (ftp://ftp.genome.jp/pub/kegg/xml/kgml) and the submitted identifiers are screened against the pathway entries. Color-coding of pathway nodes can be done in two different ways, either the regulation in a selected data-point is indicated in a gradient from low to high or the cluster annotation of identified proteins in the pathway is indicated. To create the color-coded KEGG charts the function color.pathway.by.objects present in the KEGGSOAP library is used.
To identify significantly perturbed pathways the Signaling Pathway Impact Analysis (SPIA) function implemented in the R package SPIA is used (6) . The SPIA function takes a list of differentially regulated genes and a reference array of non-regulated genes and uses this information to calculate p-values taking also pathway topology into account. The SPIA function takes as input Log2-transformed abundance ratios, therefore the protein quantitation ratios submitted might need to be transformed to a Log2-scale.
Upon completion of the analysis, the SPIA function returns a tabular overview of the analysis, which is displayed in GProX. If one or more significantly perturbed pathways are identified, color-coded pathway maps are generated as described above, the whole procedure is summarized in supplemental Fig. 6 .
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Save data file to disc, collect arguments and pass these to R instantiated as an external background process along with path to the script file to use for the analysis
User-Interface
Retrieve information stored in the IPI, KEGG, UniProt and Ensembl databases.
Databases
Collects command line parameter provided by the .NET user interface and reads in function libraries. Subsequently, functions in the GProX and external libraries are called from the script.
Script
Contains functions for specific analysis tasks, such as e.g. fuzzy c-means clustering or SPIA analysis.
External libraries
Contains functions for processing, analysing and displaying data in the context of GProX. Calls functions inside the GProX libraries and in external libraries.
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A B Figure 1 Data Data import to GProX is performed via a simple wizard where the in first step (A) the input file is selected, the session is named and the output directory is selected. (B) In step 2 the user is request to select the data columns containing the protein accession keys, quantitation ratios and optionally additional information to import. (C) As the last step the quantitation ratios can be allocated to separate experiments to allow a comparison of more complex experimental setups with e.g. more than one stimulation. (D) The main interface resembles common spreadsheet programs contains five windows: Data tables (1), contains the Session tables used for analysis; (2) The multitude of graphical objects produced during a session is displayed and can be browsed in the dedicated Graphics window; Analysis Tables (3) 
